A new facility for measuring irradiance in the UV was commissioned recently at the National Institute of Standards and Technology (NIST). The facility uses the calculable radiation from the Synchrotron Ultraviolet Radiation Facility as the primary standard. To measure the irradiance from a source under test, an integrating sphere spectrometer-detector system measures both the source under test and the synchrotron radiation sequentially, and the irradiance from the source under test can be determined. In particular, we discuss the calibration of deuterium lamps using this facility from 200 to 400 nm. This facility improves the current NIST UV irradiance scale to a relative measurement uncertainty of 1.2% ͑k ϭ 2͒.
Introduction
Source calibration and detector calibration are the two main pillars in the field of optical radiometry. 1 The radiation scale used for each of the calibrations is derived from a primary standard, and the scale is disseminated through the calibration chain by using transfer standards. In source calibration, blackbody sources have a long history of being used as primary radiance standards. In 1960, tungsten ribbon-filament lamps calibrated with blackbodies were used as transfer standards for radiance calibration 2 at the National Institute of Standards and Technology (NIST, formerly known as the National Bureau of Standards). Subsequently, in 1963, NIST established an irradiance scale 3 based on its radiance scale to wavelengths above 250 nm using quartz-iodine lamps as transfer standards. However, the scale for the UV region below 250 nm could not be realized by using blackbody sources because of their low flux and sharp drop off in this spectral region. A large variation in radiant flux across this UV region significantly increases measurement uncertainty caused by scattered light and nonlinearity problems in the detection system. To achieve increased and spectrally flat radiant flux below 250 nm, the blackbody source must be operated at such a high temperature that is difficult if not impossible to achieve.
As the demands for calibration deep into the UV increased over the years, there was considerable effort in developing new primary standards for UV and vacuum UV (VUV) including plasma sources (i.e., wallstabilized hydrogen and blackbody arcs) 4 -7 and synchrotron radiation. 8 -12 Because of the relative ease of operation, the NIST scale in the UV and VUV was first established by Ott et al. 4, 5 using the hydrogen arc discharge in 1975. This scale, along with the scale based on a blackbody at longer wavelengths, is still being used today at the NIST Facility for Automated Spectroradiometric Calibrations (FASCAL) 13, 14 for irradiance calibrations of deuterium lamps from 200 to 400 nm.
Synchrotron radiation, on the other hand, was recognized as an absolute radiation standard by Tomboulian and Hartman 8 in the early days of dedicated synchrotron machines. Just as blackbody radiation is calculable by the Planck equation, the characteristics of synchrotron radiation are calculable by the Schwinger equation. 15 Most importantly, in the UV and shorter wavelength regions, synchro-tron radiation emitted from a storage ring has the highest accuracy in calculable irradiance among all known radiation standards to date. Synchrotron radiation as a primary irradiance standard for a broad spectral range from x rays to infrared has since been established at several synchrotron facilities around the world including the NIST Synchrotron Ultraviolet Radiation Facility (SURF) in the United States, 9, 16 the Glasgow University 340 MeV synchrotron and the Daresbury 5 GeV machine in the UK, 17 the 750 MeV Tsukuba Electron Ring for Accelerating and Storage (TERAS) in Japan, 18 and the 6 GeV Deutsches Elektronen Synchrotron (DESY) 11, 12 and the electron storage ring of the Berliner Elektronen SpeicherringGesellschaft für Synchrotrontsrahlung (BESSY) in Germany. 19 -21 However, despite all the promises of a primary standard source, the development of radiometric synchrotron sources was relatively slow, mainly because of the limited synchrotron facilities available and the evolving technologies in quantifying synchrotron parameters that are crucial for the calculability of synchrotron radiation.
At the NIST, the SURF was first used as an absolute VUV source in the 1970s, 16 although determination of the electron beam current relied on a spectrometer system calibrated by using the NIST irradiance standard at that time. Only after a technique was developed to measure the beam current based on electron counting in the early 1980s 22, 23 did the SURF become an independent primary source standard, and the SURF-based irradiance scale was compared with blackbody and silicon photodiode scales at 600 nm. 24 Soon after, the comparison moved to the UV where a few wavelengths were compared with other irradiance transfer standards such as quartz-tungsten halogen lamps and argon miniarcs. 25, 26 A more thorough irradiance scale comparison was performed in 1998 from 210 to 300 nm on SURF II. 27 In 2000, SURF II was upgraded to SURF III as a dedicated synchrotron radiation facility for radiometry. 28 The new SURF III has a much more uniform magnetic field and a more stable electron beam. The electron beam current can be varied from more than 300 mA to a single electron in the beam (corresponding to a 9.1 pA beam current), which provides a variable radiation flux extending over 10 orders of magnitude. The electron energy is tunable from 50 to 380 MeV. With this improved synchrotron facility, we recently constructed and commissioned the Facility for Irradiance Calibration Using Synchrotrons (FICUS) where sources can be calibrated against a new synchrotron-radiation-based NIST irradiance standard from 200 to 400 nm.
The FICUS is based on a new white-light beamline at SURF III. 29, 30 The beamline directs the calculable SURF III radiation to the user station with minimum obstruction from optical components. To reduce measurement uncertainty, no mirrors are used and only one window separates the synchrotron source and the spectrometer-detector system. The transmission of the window can be measured directly on the beamline instead of requiring the removal of the window for transmission measurement elsewhere. The irradiance from a device under test (DUT) or a transfer standard can be compared directly with synchrotron radiation. Here we discuss the design and operation of the FICUS. The realization of an irradiance scale using synchrotron radiation is described. We present a detailed discussion on the calibration of a new generation of stable deuterium lamps as transfer standards from 200 to 400 nm where the estimated relative uncertainty is 1.2% at a coverage factor of k ϭ 2 (i.e., an approximately 95% confidence level 1 ), which is a significant improvement over the current UV irradiance scale of the NIST. modified Bessel functions at the right-hand side of Eq. (1) represent the contributions from horizontal and vertical polarizations, respectively. At ϭ 0, the term for vertical polarization vanishes, and the radiation is linearly polarized in the horizontal direction.
To calibrate a light source using synchrotron radiation, a spectrometer-detector system with a defining aperture is used to measure two sources alternately. For the measurement of synchrotron radiation, the defining aperture, with an area A, faces the incident synchrotron radiation at a distance d from the tangent point of the storage ring. Using Eq. (1) the spectral irradiance E ,SR of synchrotron radiation entering this aperture can be expressed as
where I SR is the electron beam current in the storage ring, and the surface integral is over area A of the aperture. The spectral irradiance E ,SR is completely determined given three storage parameters: the electron beam current I SR , the orbital radius , and the electron energy E e (or the applied magnetic field), along with the geometric parameters of the aperture, d and A. For a typical measurement setup, the defining aperture of the detector system, with an area of the order of 1 cm 2 and a distance d close to 700 cm, is placed at an angle ϭ 0. In this configuration, the aperture subtends a very small angle (of the order of 1 mrad) for synchrotron radiation. At ϭ 0, the nonuniformity of radiation in the aperture is rather small and the variation of E ,SR over area A is small. In the case of the FICUS, for example, calculation shows that, at 380 MeV of electron energy, the variation in E ,SR is approximately only 1% for any circular aperture with a diameter less than 1 cm. An accurate determination of A is generally not required.
For a detector system operating in air, a window must be used to maintain vacuum in the storage ring. By inserting a window in the optical path, the expression for spectral irradiance becomes
where T͑͒ is the transmission of the window at wavelength . With the spectral irradiance at the aperture known from Eq. (3) by numerical calculation, one can, in principle, use the signal from the detector to determine the responsivity of the spectrometer-detector system, which, in turn, can be used to calibrate any radiation source. However, in practice, the situation is complicated by the stray light or spectral scattering of radiation in the spectrometer-detector system. The algorithm for stray-light correction was developed previously. [32] [33] [34] Following Ref. 32 , the relation between the measured signal and the spectral irradiance is given by
where S͑ 0 ͒ is the signal measured with the spectrometer set at wavelength 0 , and R͑ 0 , ͒ is the responsivity function of the spectrometer-detector system. The responsivity function is usually expressed as the product of the responsivity of the system at 0 , r͑ 0 ͒, and the slit-scattering function, z͑ 0 , ͒. Equation (4) then becomes
The slit-scattering function z͑ 0 , ͒ has a peak value of unity when ϭ 0 and diminishes rapidly with an increased difference between 0 and . The slitscattering function can be readily measured by using a tunable laser as was performed for this work and discussed in Section 4.
To deduce the spectral irradiance from the measured signal in Eq. (5) one can treat the stray-light contribution as a small perturbation and use an iterative technique. To start, an approximate solution,
where we assumed E ͑͒ to be essentially constant around wavelength 0 , and the term can be removed from the integral in Eq. (5). Substituting the above expression into the right-hand side of Eq. (5) and defining the result of the integral as S͑ 0 ͒
͑0͒
, we have
Note that because r͑ 0 ͒E ͑ 0 ͒ ͑0͒ does not depend on r͑ 0 ͒, the calculation of S͑ 0 ͒ ͑0͒ from the above equation requires only the measured signal and the slit-scattering function. Once S͑ 0 ͒ ͑0͒ is known, the difference between S͑ 0 ͒ and S͑ 0 ͒ ͑0͒ can be used to find the correction term,
As before, an approximate solution for
With this correction term, the improved solution for the spectral irradiance becomes
Repeating this process by substituting the above solution back to the right-hand side of Eq. (5), we define
and the approximate solution to the correction term of
The solution to E ͑ 0 ͒ with second-order correction is given by
where S͑ 0 ͒ ͑0͒ and S͑ 0 ͒ ͑1͒ can be calculated by using Eqs. (6) and (7). In general, as in this work, the solution with two iterations is accurate enough for all practical purposes.
To calibrate the spectral irradiance of the radiation from a source, the spectrometer-detector system is first exposed to synchrotron radiation for a spectral scan with measured signal S SR ͑͒. Subsequently, the spectrometer-detector system is exposed to the DUT source, and the measured signal is S DUT ͑͒. Then the measurement equation for the spectral irradiance of the DUT source, E ,DUT ͑͒, can be expressed by using the stray-light reduction algorithm of Eq. (8) as
where we used Eq. (3) for the calculated spectral irradiance from synchrotron radiation, and the integrand of the surface integral is the direct substitution of the Schwinger equation.
Description of the Calibration Facility
The FICUS, as shown in Fig. 1 , consists of four main components: SURF III generating synchrotron radiation as an irradiance standard, a white-light beamline to transport synchrotron radiation, a spectrometer and detector system for comparing radiation from SURF III and the DUT sources, and a platform for mounting the DUT sources. At present, the radiation detection and the DUT source are operated in air. An UV window at the end of the white-light beamline separates the vacuum of the storage ring and the beamline from air while transmitting radiation into air for detection.
A. SURF III
SURF III is a compact weak-focusing storage ring designed specifically for radiometry covering a wide spectrum from the far-infrared to the soft x ray. 28 A unique single magnet design with high uniformity in the magnetic field facilitates a circular electron orbit with a diameter of 167.6 cm. Low electron energy of up to 380 MeV generates radiation peaked in the extreme UV with reduced x-ray production. A low flux of x rays is particularly important for UV work because of the degradation of optical components such as windows and detectors that are vulnerable to radiation damage. 35, 36 The electron beam has a typical vertical beam size of 30 m FWHM. With this beam size, no discernible dependence on vertical beam size was observed in irradiance for this work. The lifetime of the electron beam at an electron energy of 380 MeV is of the order of hours and much longer than the several minutes of measurement time for irradiance using our spectrometer. Nevertheless, all the data are normalized by the beam current.
B. White-Light Beamline
As described in detail elsewhere, 29, 30 the beamline where FICUS is based is a white-light beamline approximately 6 m long. Inside the beamline a series of baffles reduce multiple scattering of synchrotron radiation from the stainless steel walls of the beamline. With all the adjustable apertures in the beamline fully open, a full 20 mrad angle of synchrotron radiation can reach the end of the beamline without any obstruction. This large opening allows us to determine and control the effect of optical diffraction, especially at longer wavelengths. For the FICUS, a fused silica UV window was installed in a vacuum gate valve (gate valve 1 in Fig.  1 ) at the end of the beamline such that the detection of the synchrotron radiation could be performed in air beyond the end of the beamline. To maintain the calculability of synchrotron radiation, the transmission of the window must be accurately determined. For this, a second fused silica window was installed in a second gate valve (gate valve 2 in Fig. 1 ) to maintain the vacuum integrity of the beamline and the storage ring during transmittance measurements. The transmission of the first window can be derived from two measurements of the synchrotron radiation exiting from the beamline by using the spectrometerdetector system: one with the first window in the beam path and one with the window out of the beam path. Because both windows are mounted in gate valves, they can be positioned in and out of the synchrotron beam reproducibly.
The advantage of this technique for transmittance measurement is that the UV window does not need to be removed from the beamline to have its transmittance measured at other facilities. More importantly, the beam used for the transmission measurement is the same as the beam used for actual calibration. This ensures that the measured transmittance is for a region on the window and at an incident angle that is identical to the synchrotron beam during calibration, thus eliminating the uncertainty associated with removing the window for transmittance measurement at another location. 27 
C. Spectrometer-Detector System
The spectrometer of the FICUS is a 0.25 m grating spectrometer with a thermoelectric-cooled bialkali photomultiplier tube (PMT) attached to the exit slit. The bialkali PMT was chosen for its low noise and long-term stability. The resolution of the spectrometer was set at 5 nm, which was confirmed by scanning the 254 nm line of a calibration mercury lamp as shown in Fig. 2 . The current from the PMT was converted to voltage using a current-to-voltage preamplifier and recorded by a computer through a digital voltmeter.
At the entrance slit of the spectrometer, a polytetrafluoroethylene (PTFE) integrating sphere with a circular entrance aperture (0.95 cm in diameter) was used to collect radiation. The integrating sphere was used to diffuse and depolarize incident radiation to compensate for the differences in polarization and geometry of the incident radiation. Without an integrating sphere, the radiation throughput of the spectrometer could be affected by these differences, thus resulting in errors in calibration. Typically, a DUT source, such as a deuterium lamp, is unpolarized and measured at a distance of the order of 50 cm while the synchrotron radiation is highly polarized and measured at a distance of several meters.
The whole spectrometer and detector system is mounted on an x-y translation stage such that the system can be moved to measure synchrotron radiation exiting from the end of the beamline or the radiation from a DUT source. The positioning of the spectrometer and detector system to each source is aligned with lasers. The movements of the x-y stage are controlled by a computer to ensure repeatable positioning and automation of the entire measurement.
D. Platform for Device Under Test Sources
The DUT source to be calibrated against synchrotron radiation is placed on a platform next to the whitelight beamline. The source is mounted on a translation stage that allows fine adjustment of the distance between the DUT source and the entrance aperture of the integrating sphere. An alignment laser that traces the center and normal direction of the entrance aperture is used to position a DUT source on the platform.
Establishment of Irradiance Standard Using Synchrotron Radiation
Following the measurement equation of Eq. (9), spectral irradiance calibration requires accurate knowledge of several parameters. For synchrotron radiation, the spectral irradiance is calculated from the electron beam storage parameters of electron energy, the orbital radius, the beam current and geometric parameters of the distance of the defining aperture to the tangent point of the electron beam orbit, the window transmission, and the area of the aperture. The calculability of the synchrotron radiation at SURF III was recently validated by scanning the angular distribution of synchrotron radiation by using a set of well-calibrated filter radiometers. 37 Good agreement was found between measurement and calculation.
Finally, the measurement equation also makes use of the slit-scattering function of the spectrometerdetector system if stray light cannot be ignored. Below, we discuss the determination of all the parameters related to calibration at the FICUS.
A. Storage Ring Parameters
A detailed discussion of the measurements of the SURF III storage ring parameters has been given elsewhere. 28 In brief, the SURF III electron energy and orbital radius are derived from the measured magnetic flux density on orbit and the frequency of the driving rf field. Several field probes monitor the on-orbit magnetic field, and the frequency of the rf field is synchronized with a rubidium atomic clock. The overall relative standard uncertainty is 10 Ϫ4 for the electron energy and 10 Ϫ10 for the orbital radius, which correspond to a relative standard uncertainty of the order of 10 Ϫ5 for the calculated spectral irradiance from 200 to 400 nm. The electron beam current at SURF III is determined optically by a silicon photodiode exposed to synchrotron radiation. To convert the electron beam current from the signal of the silicon photodiode, the signal resulting from a single electron in the ring is determined by observing the quantized decay of the synchrotron radiation associated with the loss of individual electrons. This electron-counting calibration method is performed regularly at SURF III with several thousand or fewer electrons in the SURF ring. A higher electron beam current is determined by extrapolating the signal from a photodiode by using an amplifier with high linearity. 38 The estimated relative standard uncertainty in the measured electron beam current is 2 ϫ 10 Ϫ3 (Refs. 22 and 23). Because the radiant flux of synchrotron radiation is proportional to the electron beam current, the uncertainty of electron beam current translates directly to the radiant flux uncertainty.
B. Distance Measurement
The distance from the emitting point of the synchrotron radiation to the entrance aperture of integrating sphere d was measured independently by two techniques: optical triangulation and direct measurement using a laser range finder.
In optical triangulation, as shown at the top of Fig. 3 , a filter radiometer consisting of a silicon photodiode, a 334 nm bandpass filter, and a 500 m pinhole, was mounted on the translation stage near the end of the beamline, approximately 6 m from the tangent point. At approximately 2.5 m from the tangent point, another 1 mm aperture was mounted on a second linear stage. To measure d ͑d ϭ d 1 ϩ d 2 in Fig. 3 ), the 1 mm aperture was positioned at different vertical positions by its linear stage, and each of their corresponding beam centers at the end chamber was located by the 334 nm filter radiometer. In Fig. 4 there are six scans of the filter radiometer with different positions of the 1 mm aperture. The distance d can be derived by simple geometric consideration as
where b is the displacement of the 1 mm aperture and a is the corresponding beam center displacement measured by the filter radiometer. The distance between the aperture and the filter radiometer, d 2 , was measured by a laser range finder with an uncertainty better than 1 mm.
The second method to determine distance relies on direct distance measurement using a laser range finder and a fiducial ring around the SURF III storage ring as illustrated at the bottom of Fig. 3 . This fiducial ring was carved onto the magnet during the construction of the storage ring and designed with a known radius, R f , and concentric to the orbit of the electron beam. The shortest distance from the end of the beamline to the fiducial ring, D, was measured using a laser range finder, and, given the electron orbital radius , the distance to the tangent point of the orbit can be determined as
We found that the measurement results from both techniques agree to within 1 mm out of a distance of more than 6 m. This agrees with the 0.04% estimated relative standard uncertainty on distance measurement. 
C. Window Transmission Measurement
The transmittance of the UV window in gate valve 1 in Fig. 1 can be determined by measuring synchrotron radiation using the spectrometer-detector system with and without the window (i.e., opening and closing gate valve 1) in the path of the radiation. When performing this measurement, the second UV window in gate valve 2 must be closed to maintain a vacuum seal to outside air for the storage ring. With gate valve 2 closed, let S 1i ͑͒ and S 1o ͑͒ be the signals of synchrotron radiation measured by the spectrometer-detector system with gate valve 1 closed and open, respectively, then the transmittance of the window, T͑͒, is Figure 5 shows the typical measured window transmittance from 200 to 400 nm. The transmittance of the window is constantly monitored because the window did show degradation after prolonged exposure to synchrotron radiation. The window was replaced if we deemed the transmission had dropped too much from its original values. However, we found that the transmittance remained unchanged during one round of measurements such as the deuterium lamp calibration, which exposed the window to synchrotron radiation at low SURF current ͑Ϸ 15 mA͒ for a total time of less than half an hour.
Another effect one must consider with a window in the beam path is the lensing effect by the refraction of radiation from a plano-parallel window that makes the tangent point of the beam appear closer than its physical distance. For the FICUS, our calculation shows a 1 mm reduction in the distance because of the presence of the window. While this correction is well within the uncertainty of our distance measurement from the tangent point to the defining aperture, the corrected distance was used for our irradiance calculation.
D. Stray Light of Spectrometer and Integrating Sphere
Traditionally, the slit-scattering function is used to describe the contribution of stray light to the measured signal for a spectrometer system and to correct the measured signal from spurious stray-light contributions using the algorithm described in Section 2. A straightforward technique for measuring the slitscattering function is to use a narrowband tunable source, such as a laser, to irradiate the spectrometer.
For UV work involving integrating spheres as in this work, we found that an additional stray-light contribution could be in the form of fluorescence from the integrating sphere made of PTFE. A detailed dis- cussion of the dependence of fluorescence on the conditions of the sphere materials will be presented elsewhere. For this work, we found that, mathematically, the fluorescence effect could be treated the same way as the stray light in the spectrometer, and a single slit-scattering function, z͑ 1 , 2 ͒, could be used to describe both phenomena. Therefore all the measurements of the slit-scattering function were performed with the integrating sphere and the spectrometer as a single system.
To measure the slit-scattering function, we used UV radiation from the tunable lasers at the NIST facility of the spectral irradiance and radiance responsivity calibrations using uniform sources (SIRCUS). 39 A fixed wavelength laser beam from 200 to 400 nm irradiated the integrating sphere and spectrometer system while the wavelength of the spectrometer was scanned, and the resulting signal was recorded. Figure 6 depicts two measurements performed with two laser wavelengths, 210 and 284 nm. With 284 nm, the decaying wings on both sides of the incident wavelength represent the contribution from stray light inside the spectrometer. However, with 210 nm, the result shows a clear fluorescence peak near 300 nm that was excited from the walls of the integrating sphere by the 210 nm laser beam. In Fig. 7 we illustrate the slit-scattering function of the integrating sphere and spectrometer system measured with a range of laser wavelengths from 200 to 400 nm.
E. Determination of Orbital Plane Position
Unlike blackbody sources, synchrotron radiation is not uniform in the vertical direction (i.e., the direction perpendicular to the electron orbital plane). To assure accuracy in the calculated flux entering an aperture, the positioning of the aperture relative to the orbital plane is crucial. For this work, a preferred position for the defining aperture is on the orbital plane with ϭ 0 where, at SURF III with a typical electron energy of 380 MeV, synchrotron radiation from 200 to 400 nm has a local minimum with only horizontally polarized radiation present. As increases above or below the orbital plane, the contribution from vertically polarized radiation increases, and the total flux increases. We used this characteristic angular distribution to determine the on-orbit position for our detector system. Angular distribution measurements were performed by vertical scans of the spectrometer and detector system with two configurations. In the first configuration, a polarizer was mounted in front of the aperture to allow only vertically polarized radiation into the integrating sphere. Figure 8 shows the result of such a scan at 350 nm and the fitted curve calculated from the vertical polarization component of the Schwinger equation. The on-orbit position was determined as the minimum position where the synchrotron radiation was completely horizontally polarized. In the second configuration, the polarizer was removed from the aperture such that the total flux from both polarization states could be measured. The result is illustrated in Fig. 9 along with the fitted curve calculated from the Schwinger equation. The on-orbit position can again be found at the minimum for this wavelength. The on-orbit position determined by both configurations was in good agreement.
Finally, one should note that the good agreement between measurement and the fitted curve in Fig. 9 indicates excellent depolarization by the integrating sphere. This is because the spectrometer's throughput is very sensitive to the polarization, and if the radiation entering the spectrometer has any remnant polarization, then the response of the system will be different for two polarization states resulting in a deviation from the calculated angular distribution.
Calibration Results at FICUS
In the UV, deuterium lamps have long been used as transfer standards 40 because of their high and mostly continuum UV radiant power, low visible and IR emission, compact size, and low cost. Similar to synchrotron radiation from SURF III, the emission spectrum of deuterium lamps above 200 nm decreases with longer wavelength as shown in Fig. 10 . The striking spectral resemblance between the two sources from 200 to 400 nm is a great advantage in calibrating deuterium lamps directly against synchrotron radiation.
Recently, commercial deuterium lamps with good stability have been identified. 41 These lamps, with long-term relative stability of the intensity of ϳ10 Ϫ4 h Ϫ1 and ignition reproducibility of ϳ10
Ϫ3
, were used as transfer standards for the international intercomparison of spectral irradiance from 200 to 360 nm organized by the Comité Consultatif de Photométrie et Radiométrie (CCPR-Klb intercomparison). 41 We have calibrated three of the deuterium lamps at the FICUS.
The irradiance calibrations of all three lamps were performed with the receiving aperture of the integrating sphere at a distance of 30 cm from a reference plane on the housing of the lamps. The reference plane was defined by the front surface of a cap that could be attached to the front of the housing. The center of the glass and its normal also defined the center and viewing angle of the lamps, which was aligned by using a laser. Each lamp had at least 40 min warm-up time before a measurement was performed by the spectrometer and detector system. After the measurement with a lamp, the spectrometer-detector system was moved to measure synchrotron radiation. This measurement was typically performed with an electron beam current of approximately 15 mA such that the irradiance was comparable for both sources. To check repeatability, several rounds of measurements with both sources Fig. 12 . Percentage differences between the spectral irradiance measured at SURF and at FASCAL for three deuterium lamps. were performed. Finally, the transmittance of the window in the beamline was measured using the technique discussed in Section 4. Figure 11 displays the measured spectral irradiance of all three lamps based on the scale of SURF III radiation.
To compare the SURF irradiance scale with the irradiance scale maintained at FASCAL, the three deuterium lamps were also calibrated at FASCAL. The variation in measured spectral irradiance between the two facilities is shown in Fig. 12 with agreement well within the relative measurement uncertainty of FASCAL at approximately 4% ͑k ϭ 2͒. 14 
Measurement Uncertainty Analysis
The uncertainty in irradiance measurement at the FICUS consists of two parts: first, the uncertainty of the primary synchrotron-radiation-based irradiance scale, and second, the overall uncertainty for calibrating a DUT source, such as a deuterium lamp. The first part correlates with the measurement uncertainties in SURF and beamline parameters as discussed in Section 4. The second part is the combined uncertainty from the primary scale, the transfer of the irradiance scale, and the source's lighting and aging characteristics.
The uncertainty of the primary synchrotronradiation-based irradiance scale is the uncertainty in predicting the spectral irradiance of the synchrotron radiation inside the defining aperture. The calculated irradiance is directly proportional to some of the parameters (i.e., the sensitivity coefficient is equal to 1), such as electron beam current and window transmission, while other parameters, such as electron energy and electron beam orbital radius, have a nonlinear relationship with the irradiance. For the latter parameters, the sensitivity coefficients were calculated numerically by varying each parameter and finding the amount of change in the resulting irradiance. Table 1 lists the estimated components of the primary scale uncertainty. The combined relative uncertainty for the primary scale of the FICUS is 0.7% ͑k ϭ 2͒, with the largest contribution coming from the electron beam current and window transmittance.
The same technique was used to analyze the uncertainties in the measurement of the spectral irradiance from a deuterium lamp as listed in Table 2 . The relative combined uncertainty of 1.2% ͑k ϭ 2͒ is much lower than the more than 4% ͑k ϭ 2͒ uncertainty for the gas-arc lamp-based scale used at FASCAL from 200 to 250 nm. For longer wavelengths, the improvement in uncertainty at the FICUS is caused mainly by the more stable deuterium lamps used as transfer standards for this work.
Conclusions and Outlook
We have built a new facility, the FICUS, for spectral irradiance calibrations in the UV with improved uncertainties over the current disseminated NIST scale. FICUS complements the current irradiance scale based on blackbody sources and covers a wide UV region that is beyond reach with blackbody sources. The primary scale of the facility is based on synchrotron radiation from SURF III through a white-light beamline with only one vacuum window to preserve the calculability of the radiation. A novel technique was used to measure the transmittance of the window in situ instead of having to remove the window from the beamline for measurement elsewhere. The system for detecting the radiation was characterized by using tunable lasers for the stray light in the spectrometer and the fluorescence from the integrating sphere. A stray-light reduction algorithm was used to correct the measured signal from synchrotron radiation and radiation from DUT sources.
We have performed spectral irradiance calibrations of a set of deuterium lamps by using this facility with an estimated relative uncertainty of 1.2% ͑k ϭ 2͒ from 200 to 400 nm. The results were compared with separate measurements at FASCAL with good agreement, well within the uncertainties of both facilities. At present, the FICUS calibrations are limited to the air-UV wavelength region. An upgrade is already under way to evacuate all beam paths and to expand the calibration capability to below 200 nm. In the near future, the FICUS will provide a broad spectral range for the radiometric community from the vacuum UV to the air UV.
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